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Small bleaches were used to study the rhodopsin regeneration process. At bleaches from 5.2% to 24.7%, the rhodopsin regen-
erations were consistent with a one-for-one recovery of bleached molecules. At response saturation rod photoreceptors exhibit a
bleach level of only 5%. Major increases in rhodopsin regeneration were observed at bleach levels between 1.3% and 5.2%. The
rhodopsin regenerations exhibited a linear relationship that was 4-times the bleach (dark adaptations of 0.75 and 1.5 h). The data
show that the bleach initiates the availability, and possibly production, of 11-cis retinal in amounts that are 4-times the number of
bleached molecules within the functional range of the rod photoreceptors. Rhodopsin regeneration also requires the presence of
opsins without chromophore. Regenerations beyond the bleach indicate the presence of such opsins prior to the bleach. The opsin
amounts were 8.1%, 8.6%, 3.1% and 0% of the total visual pigment at dark adaptation times of 0.75, 1.5, 24 and 48 h, respectively.
Those opsins, as well as the ones produced by the bleach, may be regenerated to rhodopsin following a small bleach or with ad-
ditional time in the dark.
 2003 Elsevier Ltd. All rights reserved.
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The major pathways associated with the process of
rhodopsin regeneration were established by the classic
studies of Dowling (1960). Recent studies have provided
new information on the critical components and reac-
tions that are involved in this process (Jiang, Pandey, &
Fong, 1993; McBee, Palczewski, Baehr, & Pepperberg,
2001; Pepperberg & Crouch, 2001; Rando, 2001; Saari,
2000; Saari et al., 2001; Weng et al., 1999). While some
regeneration studies included bleaches of 5–10% (Der-
went, Qtaishat, & Pepperberg, 2002; Dowling, 1960;
Rando, Bernstein, & Barry, 1990; Zimmerman, 1974), in
order to quantitatively measure the retinoids, most* Corresponding author. Tel.: +1-765-494-4942; fax: +1-765-494-
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doi:10.1016/j.visres.2003.09.013studies have utilized bleaching levels between 35% and
100%. However, at saturation, human rod photorecep-
tors exhibit a bleach level of only 5% (Rodieck, 1973).
The current study utilized bleach levels between 1.3%
and 24.7%, with a focus on bleach levels below 5.2%. At
bleaching levels below 5.2%, a fourfold stimulation of
11-cis retinal availability, directly related to the bleach
level, was revealed. In addition, it was found that some
opsins without 11-cis chromophore were present in the
eyes of dark adapted animals. Maximum amounts of
opsin without chromophore were found in animals that
had been dark adapted for 0.75 and 1.5 h (8.1% and
8.6%, respectively). These amounts decreased with ad-
ditional dark adaptation time. Preliminary reports of
some aspects of this study were presented by Ostroy
(2001a, 2001b).2. Methods
The excised albino mouse eye preparation and rho-
dopsin regeneration experiments have been described
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Fig. 1. Rhodopsin regeneration vs bleach (as % of total rhodopsin).
Dark adaptation times of 0.75 h (d), 1.5 h (m), and 48 h (h). Solid
lines are least squares lines derived from the data at 0.75 and 1.5 h of
dark adaptation, separately determined for bleaches of <5.2% and
>5.2%. Dashed line is the theoretical line for a rhodopsin regeneration
of 100%. Bleach (%) determined by 100· [A (spectrum before small
bleach))A (ﬁrst spectrum after small bleach)]/[A (spectrum prior to
one-hour ﬁnal bleach))A (spectrum after one-hour ﬁnal bleach)].
Rhodopsin regeneration determined by 100· [A (diﬀerence between
ﬁrst spectrum and last spectrum that exhibited increases in rhodopsin
absorbance)] or [sum of absorbance increases at 500 nm from indi-
vidual diﬀerence spectra that exhibited increases in rhodopsin absor-
bance]/[A (spectrum prior to one-hour ﬁnal bleach))A (spectrum after
one-hour ﬁnal bleach)]. See Section 2 for additional details. *Absor-
bance with maximum at 500 nm.
3070 S.E. Ostroy et al. / Vision Research 43 (2003) 3069–3073previously (Ostroy, Friedmann, & Gaitatzes, 1992). This
preparation can exhibit full rhodopsin regeneration for
two to three bleaches when bleaches of 15–20% are used.
It maintains the structural integrity of the compartments
of the eye thought to be involved in rhodopsin regen-
eration, permits control of the perfusate composition,
and can utilize relatively low bleaching levels. It has
been used to evaluate the eﬀects of anoxia, extracellular
glucose concentration and diabetes on rhodopsin re-
generation (Ostroy, 1998; Ostroy et al., 1992; Ostroy,
Frede, Wagner, Gaitatzes, & Janle, 1994; Ostroy, Ga-
itatzes, & Friedmann, 1993). However, it has not been
possible to directly monitor the rhodopsin absorption
spectra of pigmented eyes with this technique. Brieﬂy,
the excised eye is continually perfusated at 1 ml/min in a
boat type spectrophotometer cell within a Perkin–Elmer
Model 6A double beam spectrophotometer. The spectra
from 300 to 700 nm are recorded (at 5 nm/s) in order to
directly follow the rhodopsin. The light used for spectral
analysis did not cause measurable bleaches (maximum
bleaching of <0.1%, based on ten successive spectra and
the lack of observable rhodopsin absorbance changes).
Fluorescent lamp illumination is used for bleaching. The
experiments are performed at 23 C to slow the reac-
tions. The region greater than 590 nm was used for a
baseline and the characteristic Gaussian spectral chan-
ges in the region of 500 nm were used to determine the
rhodopsin absorbance changes in the diﬀerence spectra.
Because of the low bleaching levels used in these ex-
periments and the associated small changes in absor-
bance, two methods were used to verify that the changes
in absorbance were a result of changes in rhodopsin
concentration. First each successive spectrum was sub-
tracted from the previous spectrum and the diﬀerence
spectra were evaluated for exhibiting the spectral fea-
tures of a change in rhodopsin concentration. The sum
of the rhodopsin changes from the individual diﬀerence
spectra were then used to determine one value for the
rhodopsin absorbance change. A second value for the
rhodopsin absorbance change was obtained by sub-
tracting the last spectrum that exhibited changes in
rhodopsin absorbance from the ﬁrst spectrum that ex-
hibited such changes. The two values were then com-
pared and those experiments that exhibited consistent
values were used. The overall rhodopsin absorbance was
in the range of 0.15–0.20 (at 500 nm), with bleaches in
the range of 0.002–0.05 absorbance units. The data
obtained from animals that had been dark adapted for
48 h were used as a control. Details of these corrections
are presented in the ﬁgure captions. This was done to
take into account any aspects of the experimental pro-
tocol or data analysis that might aﬀect the accuracy of
the results. One likely source of error is the presence of
MetaIII465 in the initial absorbance spectrum after a
bleach, causing an under-estimation of the absorbance
change associated with the bleach. Other possiblesources of error include the exposure to dim red light
during placement of the eye and the exposure to light
during the spectral recording. Treatment of the animals
adhered to the Association for Research in Vision and
Ophthalmology (ARVO) statement on the use of ani-
mals in ophthalmic and vision research.3. Results
The rhodopsin regenerations as a function of bleach
level are presented in Fig. 1. For dark adaptation times
of 0.75 h (d) and 1.5 h (m), the results separate into two
groups, bleaches above 5.2% that exhibit a regeneration
level around 100%, and bleaches below 5.2% that exhibit
much higher levels of regeneration. An abrupt separa-
tion of these results occurs at bleaches of approximately
5.2%.
At bleaches above 5.2%, the least squares straight line
derived from the data at 0.75 and 1.5 h of dark adap-
tation closely parallels the 100% line (Fig. 1, at bleaches
>5.2%, solid line vs 100% line). The regeneration levels
are consistent with a one-for-one recovery of bleached
molecules.
As presented in Figs. 1 and 2, at bleaches below 5.2%,
the rhodopsin regenerations at 0.75 h (d) and 1.5 h (m)
of dark adaptation are well above the lines associated
with 100% regeneration and the regenerations observed
with 48 h of dark adaptation (Fig. 2). Moreover, a steep
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Fig. 2. Rhodopsin regeneration at bleach levels <5.2% and dark ad-
aptation times of 0.75 h (d), 1.5 h (m), and 48 h (h). Lines are least
squares lines derived from the data as noted in the ﬁgure. The equa-
tions are as follows: 0.75 and 1.5 h of dark adaptation (y ¼ 4:0xþ 0:9);
(y ¼ 3:7xþ 0:5, if corrected for 48 h dark). 48 h of dark adaptation
(y ¼ 1:4xþ 0:4). 100% line is described in caption of Fig. 1.
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Fig. 4. Additional Rhodopsin regeneration vs dark adaptation time.
Bleaches <5.2%. Rhodopsin regeneration above the amounts observed
at 48 h of dark adaptation. Values are means (±S.E) and are as fol-
lows: 0.75 h dark (8.3%±1.30, n ¼ 6); 1.5 h dark (8.6%±1.6, n ¼ 9)
and 24 h dark (3.3%±0.7, n ¼ 13). To determine the additional re-
generation, the amount of regeneration observed at 48 h of dark ad-
aptation for the particular bleach level was subtracted from each
individual measurement.
S.E. Ostroy et al. / Vision Research 43 (2003) 3069–3073 3071increase in rhodopsin regeneration is observed as the
bleaching levels increase from 1.3% to 5.2%. The least
squares straight line derived from these data exhibits a
slope of 4.0 (3.7, when corrected for 48 h dark adapta-
tion, Fig. 2), i.e., a regeneration that is approximately
fourfold higher than the bleach. The data suggest a di-
rect correlation between the levels of regeneration and
the bleach. As detailed in Section 4, the data show that
small bleaches initiate the availability of 11-cis retinal to
the rod photoreceptors at concentrations that are four-
fold higher than the number of bleached molecules.
The regeneration data at 24 h of dark adaptation are
presented in Fig. 3 (solid line). As compared to shorter
dark adaptation times, the overall amounts of rhodop-
sin regeneration are greatly reduced but still higher than
the amounts observed at 48 h of dark adaptation. The0
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Fig. 3. Rhodopsin regeneration at bleach levels <5.2% and dark ad-
aptation times of 24 h (r) and 48 h (h). Lines are least squares lines
derived from the data as noted in the ﬁgure. Equations are as follows:
24 h dark (y ¼ 0:9xþ 5:0); 24 h dark corrected for 48 h dark (not
shown, y ¼ 0:5xþ 4:5). 100% line is described in caption of Fig 1 and
48 h line is described in caption of Fig. 2.slope of the regeneration as a function of the bleach is
similar to the 100% line.
To evaluate the amounts of rhodopsin regeneration
from another perspective, Fig. 4 presents the additional
rhodopsin regeneration (i.e., above bleach and control)
as a function of dark adaptation time. At dark adap-
tation times of 0.75, 1.5, 24 and 48 h, the additional
rhodopsin regeneration were, respectively, 8.1%, 8.6%,
3.3% and 0% of the total visual pigment. As explained in
Section 4, these data provide information on the amount
of opsins without 11-cis chromophore that were present
prior to the bleach. The data show that many opsins
without 11-cis chromophore were present in animals
that were dark adapted for 0.75 and 1.5 h, and that with
increasing time in the dark, these opsins were elimi-
nated, presumably by regeneration to rhodopsin.4. Discussion
4.1. Higher bleaching levels
Because rhodopsin formation requires both 11-cis
retinals and opsins that do not have 11-cis retinal
chromophore, the observed rhodopsin regeneration in-
dicates the presence of both of these components. The
100% regeneration of rhodopsin at bleaches above 5.2%
demonstrates the presence of opsins and 11-cis retinal in
the same amounts as the bleach. Since the bleach pro-
duces such opsins, the data do not provide any new
information on the opsins. However, for 11-cis retinal,
the data show that the bleach stimulates the availability
of 11-cis retinal to the photoreceptors in amounts that
3072 S.E. Ostroy et al. / Vision Research 43 (2003) 3069–3073match the bleach. This illustrates the well known physio-
logical property of rod visual systems for providing
11-cis retinal to opsins over a wide range of bleach levels
(Dowling, 1960; Rodieck, 1973; Saari, 2000). It also il-
lustrates the viability of the whole excised eye prepara-
tion in supporting the rhodopsin regeneration process.
4.2. Availability of 11-cis retinal at low bleaching levels
Since new 11-cis retinal must be provided to regen-
erate rhodopsin, the fourfold relationship between rho-
dopsin regeneration and bleach level appears to indicate
the availability of this amount of 11-cis retinal to the
inside of the photoreceptor. It does not seem that un-
bound 11-cis retinal could already be present within the
rod photoreceptors. If that were the situation, one
would have expected those molecules to have reacted
with the additional opsins that were also found to be
present (see Section 4.3), unless the bleach somehow
modiﬁed the accessibility of those opsins, such as, by
modifying the lipid environment (Boesze-Battaglia &
Allen, 1998). More likely, the bleach initiates the avail-
ability of 11-cis retinal to the inside of the rod photo-
receptor, perhaps by release of 11-cis retinal from
hydrophobic binding sites on rhodopsin (Schadel et al.,
2003) or by an enhanced transport and/or production.
The need for such directed mechanisms were suggested
by the data of Dodson, Peresypkin, Rengarajan, Wu,
and Nickerson (2002). The fourfold relationship of this
stimulation to the bleach would suggest that it is initi-
ated by the bleach, and its decrease to a onefold rela-
tionship at higher bleaching levels may indicate a
saturation of the process(es).
Since the saturation of human rod photoreceptor
electrophysiological responses are associated with a
bleaching level of 5% (Rodieck, 1973), the observation
of a fourfold stimulation of the availability of 11-cis
retinal below bleaching levels of 5.2%, would also ap-
pear to have some functional signiﬁcance. Thus the
availability of 11-cis retinal is particularly stimulated by
illumination conditions within the functional range of
the rod photoreceptors. This would be expected to en-
hance the eﬃciency of the rhodopsin regeneration pro-
cess under those conditions.
4.3. Opsins without 11-cis retinal
To observe rhodopsin regenerations that exceed
100% also requires that additional opsins without 11-cis
chromophore be present before any bleach. The data
indicate that those amounts are 8.1–8.6% of the total
visual pigment when the dark adaptation times are 0.75
or 1.5 h, and that it decreases to 3.1% with 24 h of dark
adaptation time, and to 0% at 48 h. The data suggest
that after illumination some opsins are initially left
without 11-cis chromophore until they are regeneratedby a light-stimulated mechanism or by a slower mech-
anism that is active in the dark (possibly the dark ex-
change of chromophore between opsin molecules as
suggested by Defoe & Bok, 1983). These results do not
seem surprising in view of the large numbers of opsins
and their distribution over many disks and cells that
would require new chromophore after a bleach (Ostroy,
2001b). It is also consistent with current views that rod
photoreceptors may exhibit minimum electrophysio-
logical thresholds although they are likely to contain
some opsins without 11-cis chromophore (Melia,
Cowan, Angleson, & Wensel, 1997; Weng et al., 1999).References
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